The Sudbury Neutrino Observatory (SNO) has confirmed the standard solar model and neutrino oscillations through the observation of neutrinos from the solar core. In this paper we present a search for neutrinos associated with sources other than the solar core, such as gammaray bursters and solar flares. We present a new method for looking for temporal coincidences between neutrino events and astrophysical bursts of widely varying intensity. No correlations were found between neutrinos detected in SNO and such astrophysical sources.
Introduction
The Sudbury Neutrino Observatory (SNO) collaboration has looked for time-dependent anomalies due to both periodic variations (Aharmim et al. 2005 (Aharmim et al. , 2010 in neutrino flux and short bursts of neutrinos (Aharmim et al. 2011b ). In the present study, we are specifically searching for neutrino events that are correlated to other known astrophysical events. There is a wide variety of potential astrophysical sources of neutrinos. In this paper we consider "burst" events, which include γ-ray bursters (GRB's), solar flares, magnetars, and an intense burst observed in the Parkes radio telescope. These astrophysical burst events are short-lived and occur at random. It is expected that any related neutrino signal would be undetectable (Piran 2004; Bahcall 1988 ) and the present experimental constraints provide only limits (Hirata et al. 1988 (Hirata et al. , 1990 Aglietta et al. 1991; Fukuda et al. 2002; Thrane et al. 2009 related with astrophysical events have treated all bursts (regardless of their intensity) equally in terms of their potential for ν production (Fukuda et al. 2002) , and/or examined only the highestintensity burst(s) (Thrane et al. 2009 ). We introduce a novel technique, the Maximum Likelihood Burst Analysis (MLBA), which features some advantages over previous analysis techniques when searching data from neutrino detectors for temporal correlations with astrophysical burst events. The MLBA provides the versatility to deal with bursts whose intensities vary over many orders of magnitude, and to accommodate correlations between γ intensity and ν emission. This allows us to use the integrated intensity over a large number of bursts instead of only the most intense burst. The results from the MLBA can therefore be employed to test a variety of models in a straightforward manner and, as with previous analysis techniques, can be employed to set limits on the number of neutrino events correlated with the bursts -and hence indirectly set limits on the fluences.
We begin with a discussion of the SNO detector before discussing two types of astrophysical events, GRB's and solar flares, on which we have chosen to focus. In section 4, we present the MLBA method and motivation. Next, we examine solar flare and GRB observations in conjunction with the SNO neutrino data set, and give limits for the associated parameter for neutrino fluences from the burst events. We also show how this can be related to the neutrino fluence limits that have been typically presented in the literature. In the final section, we search for signals in the SNO data associated with two unusual isolated astrophysical events: the Parkes radio burst (Lorimer et al. 2007 ) and the SGR 1806-20 magnetar eruption (Palmer et al. 2005) . In all cases, no significant correlations are seen between the SNO data and the astrophysical sources. However, limits on neutrino fluences from solar flares and GRB's are improved in the low-energy ν regime compared to previous analyses in the literature.
The SNO Detector
The SNO detector (Boger et al. 2000) , shown schematically in Figure 1, • 12 04 W longitude) near Sudbury, Ontario, Canada, with the center of the detector at a depth of 2092 m (5890±94 meters water equivalent). At this depth, the rate of cosmic-ray muons entering the detector was approximately three per hour. Ninety-one outward-facing PMTs attached to the PSUP detected cosmic-ray muons. An offline veto based on information from these PMTs significantly reduced cosmogenic backgrounds.
SNO detected low energy neutrinos through the following reactions:
• ν e +d → p+p+e − , Neutrino Charged current (CC),
•ν e + d → n + n + e + , Anti-Neutrino Charged current (CC-anti),
where x implies electron, muon or tau neutrinos. The NC reaction is equally sensitive to all three active neutrino and anti-neutrino flavors. This reaction is sensitive down to neutrino energies of approximately 2.2 MeV, which gives us a lower threshold than many other experiments. The CC reaction is only sensitive to ν e s, and the CC-anti reaction is only sensitive toν e s. The ES reaction is sensitive to all neutrino and anti-neutrino flavors, but the cross-section for ν e s (ν e s) is approximately six (three) times larger than that for the other flavors. For neutrino energies above approximately 6 MeV, the CC reaction has a cross-section more than ten times higher than the ES reaction, which provides increased sensitivity for an equivalent target exposure compared to experiments that are only sensitive to the ES reaction. The recoil electrons from both the ES, CC, and CC-anti reactions were detected directly through their production of Cherenkov light. The total amount of light detected by the PMT array was correlated with the energy of the recoil electron.
The SNO detector operated in three distinct phases distinguished by how the neutrons from the NC interactions were detected. In the D 2 O phase, the detected neutrons captured on deuterons in the D 2 O releasing a single 6.25 MeV γ-ray, and it was the Cherenkov light of secondary Compton electrons or e + e − pairs that was detected. In the salt phase, 2 × 10 3 kg of NaCl were added to the D 2 O, and the neutrons captured predominantly on 35 Cl nuclei, which have a much larger neutron capture cross-section than deuterium nuclei, resulting in a higher neutron detection efficiency. Capture on chlorine also released more energy (8.6 MeV) and yielded multiple γ-rays, which aided in identifying neutron events. In the NCD phase, an array of proportional counters (the Neutral Current Detection, or NCD, array) was deployed in the D 2 O (Amsbaugh et al. 2007 ), but some sensitivity remained in the data from the PMT array for neutrons capturing on the D 2 O as in the first phase.
Neutrino events observed with the PMT array were selected with the same selection and reconstruction criteria as those in Aharmim et al. (2011a) except the data-set features no high energy cutoff. It consists almost entirely of events below 20 MeV. Table 1 gives the run times and the rate of events consistent with being neutrinos.
Burst Events

Solar Flares
The Homestake solar neutrino experiment reported a small excess of events possibly correlated with large solar flares (Davis 1994 (Davis , 1996 , which provided a motivation for subsequent searches. If these events were associated with pion production in the solar atmosphere then these would produce both electron and muon neutrinos with energies up to approximately 50 MeV. The Kamiokande-II collaboration has reported no excess of events associated with large solar flares (Hirata et al. 1988 (Hirata et al. , 1990 . Analysis of the LSD data has also reported no excess of events associated with large solar flares (Aglietta et al. 1991) . Neutrinos could also be produced by low energy beta decay due to excitation in the solar atmosphere. Bahcall (1988) has argued that although solar flares could produce neutrinos, they should not be observable in any current detector.
For the coincidence analysis presented here, the solar flare data is taken from HESSI (the High Energy Solar Spectroscopic Imager), which registers radiation ranging from 3 keV to 17 MeV with highly accurate timing. Extensive data-sets are available from (Mission 2009 ), with data from over 20000 flares -the analysis performed in this paper requires simply the time (t j ), duration (δt j ) and intensity (I j ) of each flare. I j is defined as the total number of registered counts and varies over 10 orders of magnitude. To speed up the analysis we only include events with intensity I j > 10 5 photon counts, which reduces the number of events to 842. δt j is typically around 30 minutes, but is also event-dependent. Data from HESSI starts on modified Julian date (MJD) 52330, thus overlapping with the last half of the salt phase and completely with the NCD phase. (Piran 2004 ). GRB's produce very large fluxes of γ rays over a definite period of time. There are two classes, short and long. Short GRB's emit 90% of the energy within about 100 ms, while long GRB's emit 90% of the energy within about 100 s. Many models for explaining GRB's have been proposed. Some models suggest a comparatively large flux of high energy (GeV to TeV) ν's, which might be detectable in (e.g.) ICECUBE. Hence it is reasonable to ask if ν's could be seen by SNO. The answer is almost certainly not, as fluxes of lowenergy (MeV) ν's should be very low, such that no existing or planned detector could see them from cosmological distances (Piran 2004) . However, given the uncertainty in the GRB models, it is useful to look for coincidences between GRB's and SNO events. Note that Super-Kamiokande (SK) (Fukuda et al. 2002; Thrane et al. 2009 ) has already searched for such coincidences, but with no significant effect observed.
The "time of a GRB" is defined as the time at which the burst starts. Since the real nature of GRB's is unknown, there are various possibilities for the timing of the associated ν's. In this analysis we have chosen two time windows to cover different possible scenarios:
1. Assume that the ν's are produced before the γ's (e.g. a hypernova would have a core collapse followed by a visible outburst after some hours.) Based on SN 1987a the time difference could be as much as 3 hours. For this, we search for ν's in an asymmetrical window -3 hrs < δt < 0.
2. Assume the initial γ's then trigger a secondary process which emits ν's. In addition, assuming the ν's are massive, they would be slightly delayed due to the travel time. For this, we search for ν's in an asymmetrical window 0 < δt < 3 hrs.
The GRB data for this analysis is taken from Swift (NASA 2006), which is a multi-wavelength observatory dedicated to the study of GRB's, with three instruments that cover γ-ray, X-ray, UV and optical frequencies. The Swift data set starts on MJD 53329, which overlaps completely with the NCD phase, and includes a total of 190 events.
Maximum Likelihood Burst Analysis
Motivation and Assumptions
Both solar flares and GRB's have hugely varying fluxes. Clearly, if a burst event is "strong", it is more likely to have associated ν's; some bursts would be (hypothetically) too weak to produce a ν in SNO. We also need to take into account ordinary solar neutrino ("background") events in SNO. In addition, the duration of solar flares is highly variable, while various different time windows can be used for GRB's. A Maximum Likelihood Burst Analysis (MLBA) can adeptly deal with all the above challenges. For the MLBA, we suppose the neutrino events in SNO fall into two classes:
1. Random events that arrive at a constant background rate r B .
2. Burst events that are associated with some astrophysical trigger (i.e. GRB's or solar flares). These consist of n x events at a time t j with a characteristic spread δt j . In the case of a flare, t j would be the start of the flare and δt j its duration. In the case of a GRB, t j and δt j would be dictated by the time window being used (see Section 3.2).
The simplest assumption is that the number of extra neutrino events in SNO (i.e. burst-associated events rather than background) is directly related to the fluence:
This assumption would be exact if all bursts have identical physical causes but are at varying distances, so that the variations in both ν and γ fluxes are purely geometric. It is also likely to be approximately true in cases where there is a significant variation in intrinsic luminosity, as in the case of Type II supernovae. A Maximum Likelihood fit can be used to estimate α by averaging over many bursts. It is well known that supernovae fall into two very different classes: Type Ia (carbon detonation) supernovae produce very few prompt neutrinos (Odrzywolek, A. & Plewa, T. 2011) , whereas Type II (core collapse) supernovae emit approximately 10 57 ν's over a 10 s period. It is quite possible that GRB's follow a similar pattern. In such a case it should be noted that we have fitted for the average α over all bursts, and if only some bursts include neutrino emissions then the α for these bursts would be higher.
Maximum Likelihood Fitting
We have a total N SNO events spread over a total time T tot and a live time T live . Assuming any actual signal is small, we have a background rate
Note that the background rates r B for the various phases are given in Table 1 . Now suppose there is a burst with some characteristic intensity I j at time t j which lasts for a time δt j . By hypothesis, this will produce n x (I j ) = αI j ν's. In time δt j around the j'th burst, we would expect
events, where w j is a weighting factor for the detector livetime given by the burst is ignored altogether. This implicitly assumes that the events are uniformly distributed over the time window. The actual number of events will form a Poisson distribution, so we would observe k j events with a relative probability
Hence for all the bursts taken together, the likelihood is:
The best-fit value, α f it , is found by minimizing − ln(L) with respect to α. The 90% upper limits on α are given by − ln(L(α 90 )) = − ln(L(α f it )) + 0.821762. (7) It is possible for the fit to give α f it < 0, which is obviously unphysical, but in such a case Eq (7) can still give us a physical upper limit on α.
An upper limit can also be obtained via Monte Carlo simulations using a Feldman-Cousins style (Feldman & Cousins 1998) method, which provides a completely independent check on the method. This involves creating many MC datasets with some fixed α value (α in ) and running each dataset through the Maximum Likelihood fitter to obtain a result α out , repeating this procedure for many different α in values, then plotting the α in vs α out distributions. We can extract from this an upper limit on α in (i.e. the "real" value of α) for a given value of α out (i.e. the value of α obtained from the Maximum Likelihood fitter). Results for this technique are completely consistent with the MLBA results reported herein.
Obtaining Fluence Limits
Once a limit on the number of burst-related SNO events is obtained, the next logical step is to turn this into a fluence limit. Due to the lack of well known spectra, previous results documented in the literature (Fukuda et al. 2002; Hirata et al. 1988 ) express limits on neutrino fluences at the detector in terms of "Green's function" fluence for mono-energetic neutrinos:
(8) This form takes into account the possibility that there may be several (n R ) possible reactions for detecting any particular neutrino flavour. For a given reaction i , σ i (E ν ) is the cross-section for neutrinos of energy E ν , ε i (E ν ) the detection efficiency, N i the total number of targets and N 90 the 90-percent confidence limit on the number of burst-associated neutrinos registered at the detector. Note that only data from the photomultiplier array in the SNO detector was used, not the data from the independent array of neutron detectors in the NCD phase of the experiment.
To calculate N 90 in Eq (8), we start by taking the fitted value α 90 (the 90% confidence limit for α.) From this, we find the expected number of burst-related ν's per burst from Eq (1), weighted by the windowing function in Eq (4). Altogether, this yields:
Note that this does not include systematic uncertainties, which are small compared to the statistical uncertainties.
For each of the reactions we parameterize the low-energy cross-section in Eq (8) as
where the values of the threshold energy E 0 i are calculated, and σ 0 i and k i are fitted using energies below 20 MeV. Each reaction also has its own ε i (E ν ), which depends on one or more factors (photomultiplier tube efficiency for electron detection, neutron capture efficiency, etc.) and varies from phase to phase in the SNO experiment. The number of targets also varies from reaction to reaction.
Results
Flare Results
The MLBA results for α for the solar flares are shown in Table 2 : the larger number of flares during the SNO salt phase is due to the overlap with the solar maximum. There is no evidence for a signal, for either the SNO salt phase or NCD phase. Figure 2 shows a comparison of the excess observed in Homestake run 117 in comparison to exclusion limits from the results presented here and KAM II (Hirata et al. 1988) . Excesses were claimed to be seen in other Homestake runs with similar limits. The results are obtained assuming all the neutrinos are generated as ν e 's in the Sun's atmosphere, but due to vacuum oscillations the probability of detecting the neutrinos in that state is 0.55. The remaining probability has the neutrinos as either ν µ or ν τ . This analysis excludes the Homestake result down to approximately 2.2 MeV. The KAM II and Homestake results are both obtained from single large bursts, whereas this result is obtained from multiple bursts. Also the Homestake result is obtained with a burst occurring during a run that lasted six days (MJD 48408.89 to 48414.85), whereas this result is obtained with a significantly shorter interval corresponding to the actual flare. The results for all experiments are calculated assuming pure ν e production in the solar atmosphere and include vacuum oscillations during their journey to Earth. The results for Kam II are recalculated from (Hirata et al. 1988 ) based on this model and assuming a 100% detection efficiency for scattered electrons above 19 MeV and 0% efficiency below this. 
GRB Results
The MLBA results for the GRB's are shown in Table 3 . There is no evidence for a signal in either timing window. The 90% upper confidence bound on α obtained from the Maximum Likelihood fitting was verified using Monte Carlo simulation and the Feldman-Cousins technique as described at the end of Section 4.2.
To facilitate comparison with the results of SK (Fukuda et al. 2002) , Table 4 converts the Swift results for the NCD phase (-3 hrs< δt < 0 timing window) to a "Green's function" fluence, using Monte Carlo to obtain the necessary upper limits on the number of GRB-associated events. These results are plotted in comparison to SK's in Figure 3 for various neutrino flavours. (Fukuda et al. 2002) . The authors do not calculate results below 7 MeV, but the limits are expected to have a sharp turn up due to the threshold for detecting scattered electrons. The results from SNO presented here are from the NCD phase using SWIFT data with a −3 hrs < δt < 0 hrs time window. Results from other time windows and phases are similar.
Other Events
Two isolated astrophysical events are worth examining. The first of these events is the "Parkes Burst" (Lorimer et al. 2007 ), a very intense radio signal with a duration of less than 5 ms found in archival data from the Parkes radio telescope. (MJD 53366.89614178) . In this case, there was a precursor burst 143 s before the main burst.
As well as searching in the SNO neutrino dataset employed in the rest of this paper, we have also searched a different set of SNO events: the "muon" set employed in (Aharmim et al. 2009 ). The "muon" set, comprised of 77285 events, is designed to enhance the muon signal rather than the neutrino signal; approximately 500 of the events are likely to be atmospheric neutrinos while the rest are likely muons. By searching both SNO data-sets, we can look for correlations of either neutrinos or muons with these isolated astrophysical events. (High energy muon-neutrinos from any astrophysical source would produce muons in the rock, which is confirmed by the observation of upward going muons. It is straightforward to test for SNO muon events that are time-correlated with one of these isolated astrophysical events.)
We have searched for anomalous SNO events in short time-windows (±180 s) around these two astrophysical events: results are shown in Table 5 . Obviously there is no effect, and the SNO event rate at these times is compatible with the background rate. Table 5 : Isolated astrophysical events. The number of SNO events observed is in a ±180 s window around the event. The number of SNO events expected is calculated based on the rate of "ordinary" SNO neutrino or muon events, which here constitute the "background". Note that due the lower energy and therefore stricter requirements on backgrounds for the neutrino data compared to the muon data, the neutrino data did not include the run corresponding to SGR 1806. 
Conclusions
We can conclude that SNO has found no evidence for low energy neutrinos produced in coincidence with solar flares or GRB's. The MLBA technique allows for a robust search for temporal correlations between events recorded in detectors and astrophysical events of widely varying intensities. In addition, regarding neutrino fluences from solar flares, SNO has provided limits in the lowenergy ν regime that are improved compared to previous analyses in the literature.
Acknowledgments
This research was supported by the following. Canada: Natural Sciences and Engineering Research Council, Industry Canada, National Research Council, Northern Ontario Heritage Fund, Atomic Energy of Canada, Ltd., Ontario Power Generation, High Performance Computing Virtual Laboratory, Canada Foundation for Innovation, Canada Research Chairs; US: Department of Energy, National Energy Research Scientific Computing Center, Alfred P. Sloan Foundation; UK: Science and Technology Facilities Council; Portugal: Fundação para a Ciência e a Tecnologia. We thank the SNO technical staff for their strong contributions. We also wish to thank Dr. Richard Hemingway for his encouragement in this work and Dr. Vicki Kaspi for suggesting SGR 1806 as a candidate.
